INTRODUCTION
============

The inner mitochondrial membrane (IMM) is a densely packed environment that houses nuclear- and mitochondrial-encoded proteins alike, many of which are built into protein complexes. For instance, the oxidative phosphorylation (OXPHOS) machinery, which lies at the core of energy metabolism, is composed of the multisubunit respiratory complexes and the dimeric/oligomeric ATP synthase in addition to mobile electron carriers and solute carriers ([@B30]). Moreover, higher-order structural organizations are observed in the IMM, as best exemplified by the presence of respiratory supercomplexes (RSCs), which are believed to optimize substrate channeling and facilitate electron flow between the individual participating respiratory complexes for enhanced OXPHOS efficiency ([@B12]; [@B69]; [@B1]; [@B28]; [@B47]).

The ADP/ATP carrier (AAC) is one of the most abundant proteins in the IMM, a reflection of its vital role as the gatekeeper of energy flux---by facilitating ADP import into the mitochondrial matrix and ATP export to the cytosol, AAC enables succeeding rounds of ATP production and delivery to the rest of the cell ([@B37]). It also mediates metabolic cycling and proton leak ([@B5]). Similar to other members of the mitochondrial carrier family (MCF), AAC is a membrane protein made up of ∼300 amino acids forming six transmembrane helices and exhibiting threefold pseudosymmetry ([@B59]). It has been extensively studied, with sequence annotations and crystal structures available, and is thus often regarded as the archetype of mitochondrial carriers ([@B63]; [@B57]; [@B37]).

For decades, AACs had been modeled to carry out their tasks in physical isolation ([@B38]). However, a study that focused on Aac2p, the major isoform in *Saccharomyces cerevisiae*, determined the existence of Aac2p complexes, which were initially believed to correspond to Aac2p homodimers and homotetramers ([@B32]). Further analysis revealed that Aac2p interacts with other IMM proteins, including RSCs, and additional MCF members, such as the phosphate carrier (Pic1p and Pic2p), the GDP/GTP carrier (Ggc1p), and the dicarboxylate carrier (Dic1p), and that this assembly is dependent on the presence of the mitochondrial-resident lipid, cardiolipin (CL; [@B11]). In addition, Aac2p has also been shown to bind to the TIM23 translocon ([@B14]; [@B52]). The critical role of CL in maximizing respiratory complex activity and maintaining the assembly and/or stability of high--molecular weight assemblies that include Aac2p ([@B79]; [@B64]; [@B11]), together with the observation that lack of CL in yeast results in reduced Aac2p function and OXPHOS efficiency under optimal conditions and abolished OXPHOS under stress ([@B32]; [@B11]), supports the physiological importance of the Aac2p interactome. Nonetheless, whether these interactions are necessary for normal mitochondrial function or important only under specialized circumstances, and to what extent their destabilization serves as grounds for mitochondrial impairment, are all unexplored territories.

AAC's mammalian equivalent, called the adenine nucleotide translocase (ANT), exists as four isoforms, each with distinct transport activity and tissue-specific and yet overlapping expression. ANT1 is the main isoform in the heart and skeletal muscle, ANT2 is predominant in the kidney and liver, ANT3 is ubiquitously expressed at low levels ([@B72]; [@B15]), and ANT4 is found only in lung and germ tissues ([@B16]; [@B66]; [@B48]). Whether all ANT isoforms are functionally equivalent or instead have unique functions remains a fundamental and unanswered question.

ANT1 deficiency is implicated in various pathological states, such as hypertrophic cardiomyopathy, mitochondrial myopathy, lactic acidosis, progressive external opthalmoplegia, fascioscapulohumeral muscular dystrophy, and Sengers syndrome ([@B34]; [@B33]; [@B43]; [@B25]; [@B71]; [@B60]; [@B19]). Mutations in ANT2 have also been associated with nonsyndromic intellectual disability ([@B75]) and cardiac noncompaction ([@B41]) and its dysregulation associated with a Warburg metabolic phenotype ([@B51]). These diseases have disparate phenotypic manifestations bound by an underlying mitochondrial dysfunction, albeit without a clear molecular explanation. In terms of human ANT interactors, essentially nothing is known. Identification of ANT binding partners and subsequent characterization of the physiological significance of these associations could provide unexpected insights into ANT function at the molecular and cellular levels. Defining the ANT interactome may also help to reveal functional benefits of quaternary interactions and ultimately augment our understanding of the mitochondrion as a whole system.

We therefore set out to define the human ANT1 and ANT2 interactomes through an unbiased proteomics approach. We find that, similar to yeast Aac2p, human ANTs form supramolecular associations with heterologous proteins. Of particular note is the evolutionarily conserved ANT--RSC interaction, which was surprising because the composition of RSCs in yeast (complexes III and IV) and humans (complexes I, III, and IV) is different. The maintenance of ANT--RSC interaction over time and across species despite a divergence in RSC's structural organizations ([@B69]) suggests that this partnership is functionally important. To dissect the interaction, we used 293 Flp-In cells as a model to reciprocally query the effects of ANT deletion on OXPHOS and the consequences of OXPHOS inhibition on ANT transport. Our results demonstrate that the minor ANT isoforms are not functionally minor and indicate that the cooperation of ANTs and RSCs can enhance transport capacity of the former, leading to improved mitochondrial respiration and thereby affirming the functional importance of this evolutionarily conserved interaction.

RESULTS
=======

Defining the interactome of human ANT1 and ANT2
-----------------------------------------------

Owing to the absence of quality ANT-specific antibodies, we generated antibodies against recombinant human ANT1 that are highly specific for this isoform ([Figure 1, A--C](#F1){ref-type="fig"}). To detect ANT2 and ANT3, we used a monoclonal antibody (mAb) raised against yeast Aac2p, 5H7, that conveniently cross-reacts with both ANT2 and ANT3 but not ANT1 ([Figure 1, A and C](#F1){ref-type="fig"}).

![Isoform-specific antibodies are capable of distinguishing the highly homologous ANT proteins. (A) Human adenine nucleotide translocases are highly conserved and share significant similarity with Aac2p, the major isoform in *S. cerevisiae*. Highlighted in red and green are epitopes recognized by ANT1 (mouse mAb) and ANT2/ANT3 mAbs, respectively; transmembrane helices are in yellow. (B) The epitope recognized by the newly generated ANT1-specific mAb was mapped using a peptide array (top) and found to be RTRLAADVGKGAAQR. The epitope is also highlighted in red in the structure of human ANT1 modeled using bovine ANT1 (Protein Data Bank 1OKC) as template. A peptide array (bottom) was also used to determine the epitopes recognized by the corresponding rabbit polyclonal ANT1. (C) Yeast extracts (left) derived from Δ*aac2* heterologously expressing yhANTs or empty vector were resolved by SDS--PAGE and immunoblotted with the ANT1-specific mAb or the ANT2/ANT3 mAb to test for isoform specificity. Tom70p, an outer mitochondrial membrane protein, serves as a loading control. Mitochondria (50 μg) from mouse liver, heart, and skeletal muscle (right) were similarly resolved to test the specificity of the rabbit ANT1 antiserum.](1489fig1){#F1}

With these two reagents, we first determined whether human ANTs assemble in high--molecular weight complexes like yeast Aac2p ([@B11]). Mitochondrial extracts from 293 Flp-In (wild type \[wt\]) and 293 Flp-In stably overexpressing ANTs with or without an N-terminal [c]{.ul}onsecutive [n]{.ul}ondenaturing [a]{.ul}ffinity [p]{.ul}urification (CNAP) tag were analyzed by two-dimensional (2D) blue native (BN)/SDS--PAGE to monitor the assembly of ANT2/3 and ANT1 ([Figure 2, A--C](#F2){ref-type="fig"}). Of note, both endogenous ([Figure 2, A--C](#F2){ref-type="fig"}) and overexpressed ANTs ([Figure 2, B and C](#F2){ref-type="fig"}) assembled in a range of complexes from 67 to \>669 kDa, some of which comigrated with complex I and complex IV assemblies ([Figure 2A](#F2){ref-type="fig"}). Murine ANTs in heart and liver mitochondria similarly engaged in a range of high--molecular weight assemblies in vivo ([Figure 2, B and C](#F2){ref-type="fig"}), consistent with observations in rat muscle and kidney mitochondria ([@B21]).These results suggest that mammalian ANT isoforms participate in multiple distinct macromolecular complexes and thus may associate with heterologous proteins and/or protein complexes.

![ANTs assemble in high--molecular weight complexes. Mitochondria (200 μg) isolated from HEK293 Flp-In cells (wt) expressing endogenous ANT2/3 (A) or overexpressing (B, C) the indicated ANT constructs or from the indicated mouse tissues were solubilized with digitonin, resolved by 2D BN/SDS--PAGE, and immunoblotted for ANTs using (A, B) ANT2/ANT3, (C) ANT1, or (B) FLAG antibodies. UQCRC2, NDUFB6, and COX4 are presented to show ANT comigration with RSCs. In B, overexpressed CNAP-ANT2 and endogenous ANT2/3 are indicated.](1489fig2){#F2}

To define the interactome of human ANTs, we used stable isotope labeling by amino acids in cell culture (SILAC)--based quantitative proteomics analysis ([@B58]). CNAP-ANTs were affinity purified from mitochondria isolated from 293 Flp-In cells overexpressing CNAP-tagged or untagged ANTs and differentially labeled by growing them either in heavy medium containing \[^13^C~6~\]lysine and \[^13^C~6~\]arginine or in light medium with standard ^12^C-containing amino acids. The derived eluates were mixed in a 1:1 ratio and resolved by gradient SDS--PAGE before in-gel trypsin digest, liquid chromatography--tandem mass spectrometry (LC-MS/MS) analyses ([Figure 3A](#F3){ref-type="fig"}). Similar to yeast Aac2p ([@B11]; [@B14]; [@B52]), the proteomics analyses revealed that human ANT1 and ANT2 each associated with many respiratory components, translocase machineries, and mitochondrial carriers ([Figure 3, B and C](#F3){ref-type="fig"}, and Supplemental Tables S1--S3). When the stringency of the experiment was increased by including a second, nondenaturing FLAG affinity purification, the number of interacting proteins identified with each of the ANT isoforms was reduced (Supplemental Figure S1, A and B, and Supplemental Tables S1--S3). However, many of the same interactors were identified between the two immunoprecipitation (IP) stringencies, illustrating the specificity of our approach ([Figure 3D](#F3){ref-type="fig"}). Of interest, among the strongest hits for ANT1 and ANT2 were other ANT isoforms (ANT2 and ANT3 for CNAP-ANT1 and ANT1 and ANT3 for CNAP-ANT2). Overall the interactomes of ANT1 and ANT2 are highly similar and include subunits of respiratory complexes I--IV (Supplemental Table S1). To compare directly the ANT1 and ANT2 interactomes, we differentially labeled and copurified together CNAP-ANT1 (light medium)-- and CNAP-ANT2 (heavy medium)--overexpressing cells ([Figure 3E](#F3){ref-type="fig"}). Given that CNAP-ANT1 and CNAP-ANT2 are overexpressed to similar levels ([Figure 3E](#F3){ref-type="fig"}, inset), this analysis indicated that in the 293 Flp-In setting, neither isoform engaged in any overtly unique interactions, although ANT1 displayed a modestly increased affinity for OXPHOS proteins.

![Overexpressed ANT1 and ANT2 in HEK293 Flp-In cells interact with numerous heterologous proteins, including respiratory subunits and other solute carriers. (A) Experimental workflow to define the ANT interactome. Scatter plot of proteins identified to interact with overexpressed CNAP-ANT1 (B) or CNAP-ANT2 (C) under a low-stringency IP. Identified hits that lie above the red dashed line are enriched proteins with a heavy/light isotopic ratio \>0. (D) Venn diagram showing the number of proteins identified (heavy/light isotopic ratio \>0) that are shared or unique to the low- and high-stringency IPs. (E) Scatter plot of proteins identified when CNAP-ANT2 (labeled) was queried against CNAP-ANT1 (unlabeled). Inset, relative expression of CNAP-ANT1 and CNAP-ANT2, using a FLAG antibody.](1489fig3){#F3}

Generation of an *ant2*^TALEN^ cell model
-----------------------------------------

To dissect the functional relevance of ANT's interaction with respiratory components, we generated an *ant-*null cell culture model. Because 293 Flp-Ins primarily express *ANT2* at both the mRNA level (*ANT2* represents \>90% of all *ANT* transcripts, *ANT1* and *ANT3* are expressed only at 5% of *ANT2* levels, and *ANT4* is at an even lower relative expression; [Figure 4A](#F4){ref-type="fig"}) and protein level ([Figure 4B](#F4){ref-type="fig"}), we used transcription activator--like effector nuclease (TALEN)--mediated genome editing to introduce genetic lesions within exon 1 of *ANT2*. Four *ant2*^TALEN^ clones were established with disruptions in the targeted locus ([Figure 4C](#F4){ref-type="fig"}). Indeed, the levels of ANT2 protein was reduced by ∼95% in all four clones ([Figure 4, D and E](#F4){ref-type="fig"}). We speculate that the remaining signal detected by immunoblot can be attributed to ANT3, which has lower expression at the mRNA level ([Figure 4A](#F4){ref-type="fig"}), is significantly less abundant in 293 Flp-Ins based on proteomics, and shares the epitope detected by the utilized mAb ([Figure 1C](#F1){ref-type="fig"}). Further, there is a concomitant reduction in *ANT2* transcript levels ([Figure 4F](#F4){ref-type="fig"}) without a compensatory increase in the mRNA expression of *ANT1*, *ANT3*, or *ANT4* ([Figure 4G](#F4){ref-type="fig"}).

![Generation of an *ant2*-null cell model using TALEN-mediated gene disruption. (A) Relative mRNA level of ANT isoforms in 293 Flp-In (wt). Data were analyzed by the comparative *C~T~* (ΔΔ*C~T~*) method, represented as mean fold change (2^-ΔΔ^*^CT^*) ± SEM (*n* = 4) relative to *ANT2* expression, which was set to 1. (B) Mass spectroscopy--based quantitation of relative protein abundance of ANT isoforms in wt mitochondria. The log~10~ label-free quantification (LFQ) signal intensities. ANT4 was not detected. *n* = 3. (C) TALEN-mediated disruption of *ANT2* in wt cells introduces nucleotide deletions that alter the start site and result in premature ANT2 translation termination in all four *ant2*^TALEN^ clones. (D) Whole-cell extracts (50 μg) from wt and *ant2*^TALEN^ clones immunoblotted with ANT2/ANT3- and ANT1-specific antibodies. (E) Densitometry analyses of ANT2/ANT3 expression in cell extracts from D. Expression relative to wt ± SEM (*n* ≥ 4). (F) Relative mRNA levels of *ANT2* in *ant2*^TALEN^ clones analyzed by the ΔΔ*C~T~* method, represented as mean fold change compared with wt ± SEM (*n* = 4). (G) Relative mRNA levels of *ANT1*, *ANT3*, or *ANT4* in *ant2*^TALEN^ clones analyzed by the ΔΔ*C~T~* method, represented as mean fold change compared with wt ± SEM (*n* ≥ 4).](1489fig4){#F4}

It was previously noted in mice lacking ANT1 that transcripts of nuclear and mitochondrially encoded OXPHOS components were up-regulated ([@B54]). To test whether deletion of the major ANT isoform in 293 Flp-In alters mitochondrial protein levels, we analyzed the steady-state amounts of mitochondrial proteins (respiratory complexes I--IV; TOM20, TIMM23, and GRP75---markers for outer mitochondrial membrane \[OMM\], IMM, and matrix compartments, respectively; and COX1 and COX2---mitochondrially encoded subunits of complex IV) and found them to be largely unaffected in the null clones ([Figure 5, A and B](#F5){ref-type="fig"}). Further, no assembly defect was noted for respiratory complexes I--IV in the absence of ANT2 ([Figure 5C](#F5){ref-type="fig"}), and in-gel activity assays indicated that complexes I, IV, and V were assembled properly and functional in the absence of ANT2 ([Figure 8G](#F8){ref-type="fig"}).

![*ant2*^TALEN^ cells have reduced ADP/ATP transport but preserved expression and assembly of RSCs subunits. (A) Mitochondria (50 μg) from the indicated strains were immunoblotted as listed. (B) Densitometry analyses of protein steady state levels from mitochondrial extracts from A. Expression relative to wt ± SEM (*n* ≥ 4). (C) Mitochondria (250 μg) from empty vector--transfected wt or *ant2*^TALEN^ cells were solubilized with 1.25% (wt/vol) digitonin, resolved by 2D BN/SDS--PAGE, and immunoblotted for ANT2/ANT3, NDUFB6 (complex I) and COX4 (complex IV), SDHA (complex II), UQCRC2 (complex III), or TIM23 (loading control). *n* = 3. (D) Mitochondria (100 μg) from wt and *ant2*^TALEN^ cells were fused with liposomes internally preloaded with 5 mM unlabeled ADP. The uptake of \[^14^C\]ADP (nM/mg protein/min ± SEM; *n* = 3) was followed in the presence and absence of 40 μM CATR. (E) ANT-specific activity was calculated from D by subtracting CATR-sensitive exchange from ADP/ATP transport in the absence of inhibitor and expressed as a percentage of wt (100%). (F) CoIP of endogenous ANT2 with COX4 in the presence or absence of 10 μM CATR. B, bound; PC, preclear.](1489fig5){#F5}

Next we assessed the transport capacity of the *ant2*^TALEN^ clones by measuring \[^14^C\]ADP uptake into liposome-fused mitochondria in the presence or absence of carboxyatractyloside (CATR), a potent pan-ANT inhibitor ([Figure 5D](#F5){ref-type="fig"}; [@B6]). Although mitochondria from all four *ant2*^TALEN^ clones exhibited the same trend, only clones 1 and 10 had a significantly reduced ANT specific transport activity relative to wt ([Figure 5E](#F5){ref-type="fig"}). On the basis of these results, we decided to proceed with *ant2*^TALEN^.1 for the remainder of the experiments.

Endogenous ANT2 associates with respiratory subunits
----------------------------------------------------

Armed with an *ant2-*null cell model, we next sought to confirm the ANT2 interaction with respiratory complexes by coimmunoprecipitation and immunoblot analyses of endogenous proteins. Because the ANT2/3 mAb does not immunoprecipitate, we instead determined whether endogenous ANT2 coimmunoprecipitated with COX4, a core component of complex IV. Endogenous ANT2 was copurified with COX4, albeit at low amounts, in mitochondrial extracts from wt but not *ant2*^TALEN^ ([Figure 5F](#F5){ref-type="fig"}). Of importance, this interaction was preserved upon inclusion of CATR, which locks ANTs in an extreme transition state, thus preventing it from unfolding. COX4 was able to pull down NDUFB6 (complex I) and UQCRC2 (complex III) but not SDHA (complex II) and GRP75, which are excluded from RSCs ([Figure 5F](#F5){ref-type="fig"}). These results indicate that endogenous ANT2 interacts with RSC-participating and/or free complex IV.

The minor ANT isoforms are not functionally minor
-------------------------------------------------

Given the central bioenergetic role of ANTs ([@B37]), we hypothesized that the absence of ANT2, the major ANT isoform expressed in 293 Flp-In cells ([Figure 4, A and B](#F4){ref-type="fig"}), would severely compromise cellular respiration by limiting the supply of ADP, the substrate used by complex V for ATP synthesis. Indeed, in comparison to wt cells, *ant2*^TALEN^ had significantly depressed maximal respiration after addition of the uncoupler FCCP ([Figure 6B](#F6){ref-type="fig"}). However, basal respiration in the absence of inhibitors and spare capacity---the ability to respond to increased energy need---were not affected by the absence of ANT2 ([Figure 6B](#F6){ref-type="fig"}). In addition, respiration linked with ATP production (oxygen consumption rate \[OCR\] after injection of the complex V inhibitor oligomycin) was also not significantly different between wt and *ant2*^TALEN^ ([Figure 6B](#F6){ref-type="fig"}). Non--ATP-generating respiration attributed to proton leak was reduced in the absence of ANT2 ([Figure 6B](#F6){ref-type="fig"}), in agreement with the documented role of ANTs in mediating at least half of the basal proton conductance across the mitochondrial inner membrane ([@B5]). Because of this drop in proton leak in the context of normal ATP production, the coupling efficiency, or the ratio of ATP turnover to basal respiration, was higher in *ant2*^TALEN^ ([Figure 6B](#F6){ref-type="fig"}).

![*ant2*^TALEN^ cells have altered bioenergetics parameters, reduced respiration, and increased sensitivity to ANT inhibitor. (A) OCR (pmol O~2~/min ± SEM; *n* ≥ 40) were measured using a Seahorse XF96e FluxAnalyzer with the Mito Stress Test kit under indicated conditions. (B) Basal and maximal OCR were obtained under glucose stimulation or after FCCP treatment to uncouple mitochondria. ATP production is expressed as basal OCR subtracted by postoligomycin oxygen consumption. Proton-leak OCR details oxygen consumed by the mitochondrion after oligomycin treatment. Degree of coupling (percentage) and spare respiratory capacity (as percentage of wt) obtained under glucose stimulation or after FCCP treatment to uncouple mitochondria. Data represent mean ± SEM. *n* ≥ 79. (C) Basal and maximal OCRs, ATP production, proton-leak OCR, degree of coupling, and spare respiratory capacity of wt and *ant2*^TALEN^ cells after overnight incubation with the indicated concentrations of BKA. Data represent mean ± SEM. *n* ≥ 79.](1489fig6){#F6}

Clearly, the degree of mitochondrial impairment was smaller than expected. We decided to determine whether the other ANT isoforms, whose mRNA ([Figure 4G](#F4){ref-type="fig"}) and protein ([Figure 4B](#F4){ref-type="fig"}) levels are very low compared with ANT2, were supporting residual ADP/ATP exchange in the *ant2*^TALEN^ cells. Consistent with this notion, *ant2*^TALEN^ cells were more sensitive to bongkrekic acid (BKA), a well-characterized pan-ANT inhibitor ([@B31]), than wt cells ([Figure 6C](#F6){ref-type="fig"}). We conclude that the remaining BKA-sensitive ADP/ATP exchange detected in *ant2*^TALEN^ mitochondria reflects the normal contribution supplied by the minor isoforms (ANT1 and ANT3) in the 293 cell model.

Overexpressed ANT alleles are functional and can restore bioenergetic defects
-----------------------------------------------------------------------------

We determined the ability of ANT2, as well as of ANT1 or ANT3, to rescue the mild bioenergetic defects of the *ant2*^TALEN^ cells. Overexpression of each ANT isoform in *ant2*^TALEN^ cells resulted in increased mRNA transcripts ([Figure 7A](#F7){ref-type="fig"}) and protein amounts ([Figures 7, B and C](#F7){ref-type="fig"}, and [8, A and B](#F8){ref-type="fig"}) for the relevant isoform compared with empty vector (v)--transfected cells. ANT overexpression increased ADP/ATP exchange ([Figure 7, D and E](#F7){ref-type="fig"}) and rescued the impaired maximal respiration of the *ant2*^TALEN^ cells ([Figure 7G](#F7){ref-type="fig"}). Moreover, overexpression of any of the ANT isoforms increased basal respiration, ATP production, and proton leak relative to *ant2*^TALEN^. ANT overexpression slightly increased or maintained coupling efficiency compared with *ant2*^TALEN^. As expected, ANT overexpression decreased the sensitivity of the *ant2*^TALEN^ cells to BKA treatment ([Figure 7H](#F7){ref-type="fig"}). It is interesting to note that although the ANT2 rescue only restored protein abundance to slightly less than wt levels ([Figure 7B](#F7){ref-type="fig"}), this cell line showed the highest values for the three parameters just mentioned ([Figure 7G](#F7){ref-type="fig"}). This suggests that ANT2 overexpression causes the 293 cells to work at or near maximal respiration, as reflected by the significantly lower spare capacity ([Figure 7G](#F7){ref-type="fig"}). Of interest, the ANT2 reintroduced into *ant2*^TALEN^ cells, which was cloned from HeLa cells, has a naturally occurring Leu111Arg polymorphism ([@B18]). Thus our results suggest that the Leu111Arg ANT2 allele may be better able to support OXPHOS than the Leu111 variant that is normally expressed by 293 Flp-In cells (unpublished data).

![Overexpression of ANTs in *ant2*^TALEN^ cells rescues ADP/ATP exchange and improves bioenergetic efficiency. (A) Relative mRNA level of ANTs in ANT overexpressors and the relevant wt and *ant2*^TALEN^ vector controls. Data were analyzed by the ΔΔ*C~T~* method, represented as mean fold change (2^-ΔΔ^*^CT^*) ± SEM (*n* ≥ 3) relative to ANT expression in wt transfected with empty vector, which was set to 1. (B) Whole-cell extracts (50 μg) from wt, *ant2*^TALEN^*,* and *ant2*^TALEN^ clones overexpressing various ANT isoforms immunoblotted with ANT1- and ANT2/ANT3-specific antibody. GRP75 and β-actin served as loading controls. (C) Densitometric analyses of ANT2/ANT3 (left) or ANT1 (right) expression in cell extracts from B. Expression relative to wt ± SEM (*n* ≥ 7). (D) Mitochondria (100 μg) from wt, *ant2*^TALEN^*,* and *ant2*^TALEN^ clones overexpressing various ANT isoforms were fused with liposomes internally preloaded with 5 mM unlabeled ADP. Uptake of \[^14^C\]ADP (nM/mg protein/min ± SEM; *n* = 6) in the presence and absence of 60 μM CATR. (E) ANT-specific activity was calculated from D by subtracting CATR-sensitive exchange from ADP/ATP transport in the absence of inhibitor and expressed as a mean percentage of wt (100%) ± SEM (*n* ≥ 3). (F) OCR and (G) calculated basal, maximal, proton-leak OCR (pmol O~2~/min ± SEM; *n* ≥ 21), degree of coupling, spare respiratory capacity (as percentage of wt + v), and ATP production of *ant2*^TALEN^ cells overexpressing ANT1, ANT2, or ANT3 (± SEM; *n* ≥ 21). Note that the values obtained from vector-transfected wt and *ant2*^TALEN^ cells are the same as under 0 μM BKA treatment in [Figure 6C](#F6){ref-type="fig"}. (H) Basal, maximal, and proton-leak OCR, as well as ATP production, degree of coupling, and spare respiratory capacity, obtained after overnight incubation with the indicated concentrations of BKA (μM).](1489fig7){#F7}

![ANT overexpression in *ant2*^TALEN^ cells does not alter the expression, assembly, or activity of RSCs subunits. (A) SDS--PAGE-resolved mitochondria (50 μg) from the indicated strains were immunoblotted as listed. (B) Densitometry analyses of protein steady-state levels from mitochondrial extracts from A. Expression relative to wt ± SEM (*n* = 3). (C) *ant2*^TALEN^ mitochondria (250 μg) expressing the various ANT isoforms were solubilized with 1.25% (wt/vol) digitonin, resolved by 2D BN/SDS--PAGE, and immunoblotted for ANT2/ANT3, ANT1, NDUFB6 (complex I) and COX4 (complex IV), SDHA (complex II), UQCRC2 (complex III), and TIM23. *n* = 3. (D) NADH dehydrogenase (activity/μg/min ± SEM; *n* = 6, (E) cytochrome c reductase (μmol cytochrome c reduced/min/mg ± SEM; *n* = 8), and (F) cytochrome c oxidase (activity/μg/min ± SEM; *n* ≥ 3) activity of DDM-solubilized mitochondrial extracts. (G) In-gel activity assays for complexes I, IV, and V. Mitochondria (100 μg) from empty vector --transfected wt cells or *ant2*^TALEN^ cells transfected as indicated were solubilized with 1.25% (wt/vol) digitonin, resolved by 3--10% (complexes I and IV), or 6--16% (Coomassie and complex V) one-dimensional BN-PAGE and incubated with complex I, IV, or V substrates. Coomassie staining of the gel served as a loading control.](1489fig8){#F8}

Next the molecular basis for the modestly reduced bioenergetics capacity of the *ant2*^TALEN^ cells was investigated using the ANT rescue cell lines as additional controls. Overexpression of any ANT isoform in *ant2*^TALEN^ cells did not significantly affect the levels ([Figure 8, A and B](#F8){ref-type="fig"}) or assembly ([Figure 8C](#F8){ref-type="fig"}) of respiratory components or of select marker proteins of the OMM, the IMM, and the mitochondrial matrix ([Figure 8, A and C](#F8){ref-type="fig"}). The individual activities of complexes I, III, and IV ([Figure 8, D--F](#F8){ref-type="fig"}), measured after solubilization with dodecylmaltoside (DDM), which dissociates RSCs, or complex I, IV, and V, determined after BN-PAGE with digitonin solubilization ([Figure 8G](#F8){ref-type="fig"}), were constant regardless of the absence or presence of overexpressed ANTs. Thus, while the absence of ANT2 does not compromise the steady-state amount, assembly, or function of the respiratory complexes, it does impair integrated OXPHOS function in the context of living cells with intact membranes.

Reversible destabilization of the ANT--RSC interaction
------------------------------------------------------

The antibiotic doxycycline (Dox) reversibly inhibits translation of mitochondrial DNA (mtDNA)--encoded proteins, most of which make up the highly hydrophobic core of respiratory complexes I, III, IV, and V ([@B53]). Therefore wt cells were treated with Dox for 7 d and then chased with medium lacking Dox for 3 and 20 d. After Dox treatment, COX1, a mtDNA-encoded subunit of complex IV, was undetectable by immunoblot ([Figure 9, A and B](#F9){ref-type="fig"}). In addition, nuclear-encoded respiratory subunits such as NDUFB6, COX4, and UQCRC2, whose stability is compromised in the absence of mtDNA-encoded core respiratory complex subunits ([@B56]), were also lacking or reduced after translation inhibition ([Figure 9, A and B](#F9){ref-type="fig"}). Consistently, complex I, III, and IV activity mirrored the steady-state protein levels of individual subunits and was reversibly inhibited by Dox ([Figure 9, C--E](#F9){ref-type="fig"}). ATP5B, which is present in unassembled pools or intermediate subassemblies in the absence of mtDNA-encoded ATP6 and ATP8 ([@B55]), and GRP75, a matrix-localized heat shock protein, were unresponsive to Dox. Surprisingly, the amount of SDHA, a subunit of complex II that is entirely nuclear encoded, was reversibly affected by Dox. The basis for this observation is not clear. Of interest, the expression of endogenous ANTs (ANT2/3 and ANT1) was reduced after Dox treatment and fully restored after 20 d of chase.

![Reduced energized ANT transport in the absence of OXPHOS assembly and function. (A) Mitochondria (50 μg) from wt cells treated with 15 μg/ml Dox for 7 d or from cells chased with fresh medium for 3 or 20 d were immunoblotted as listed. (B) Densitometry analyses of protein steady-state levels from A. Expression relative to untreated wt (galactose) ± SEM (*n* ≥ 6). (C) NADH dehydrogenase (activity/μg/min ± SEM; *n* ≥ 4), (D) cytochrome c reductase (μmol cytochrome c reduced/min/mg ± SEM; *n* = 4), and (E) cytochrome c oxidase (activity/μg/min ± SEM; *n* ≥ 4) activity of DDM-solubilized mitochondrial extracts. (F) Mitochondria (200 μg) from wt cells treated with 15 μg/ml Dox for 7 d or from cells chased with fresh medium for 3 or 20 d were solubilized with 1.25% (wt/vol) digitonin, resolved by 2D BN/SDS--PAGE, and immunoblotted for ANTs and the indicated respiratory complexes. (G) Mitochondria (100 μg) from wt cells untreated and grown in glucose (Glu), treated with 15 μg/ml Dox for 7 d or from cells chased with fresh medium for 3 or 20 d were fused with liposomes internally preloaded with 5 mM of unlabeled ADP. Uptake of \[^14^C\]ADP (nM/mg protein/min ± SEM; *n* = 3). (H) The uptake of \[^14^C\]ADP (nM/mg protein/min ± SEM; *n* = 6) into energized mitochondria (500 μg) was determined in the presence of 5 mM glutamate and malate.](1489fig9){#F9}

Respiratory subunits encoded by the mtDNA are required for the assembly of respiratory complexes I, III, and IV and the RSCs in which they participate. Accordingly, RSCs containing complexes I and IV were not detected in Dox-treated cells ([Figure 9F](#F9){ref-type="fig"}). Upon chase in Dox-free medium, the assembly of complexes I and IV into larger complexes was initiated, albeit at different rates. As RSCs began to re-form during the chase, ANT2, which migrated below 140 kDa after Dox treatment, was progressively integrated into larger assemblies that comigrated with RSCs. Consistent with a prior study ([@B53]), complex III, which contains one subunit encoded by the mtDNA, was still detected after Dox treatment. Still, upon chase, the abundance of complex III--containing RSCs increased, and a third, intermediate-sized supercomplex was increasingly detected. As expected, assembly of complex II (SDHA) was not affected by Dox. These results indicate that association of ANT2 into high--molecular weight complexes is sensitive to the assembly of RSCs that contain subunits encoded by the mtDNA.

ANT transport is enhanced upon interaction with respiratory supercomplexes
--------------------------------------------------------------------------

To ascertain whether ANT activity is affected by RSC assembly, we monitored ANT transport in mitochondria isolated after treatment with Dox or after 3- and 20-d chase minus Dox. The intrinsic capacity of ANT2 to mediate ADP/ATP exchange was not affected by the absence or presence of RSCs ([Figure 9G](#F9){ref-type="fig"}). However, when glutamate and malate were supplied to drive substrate-dependent ADP/ATP exchange, \[^14^C\]ADP uptake was suppressed when mtDNA translation was inhibited ([Figure 9H](#F9){ref-type="fig"}). These results suggest that whereas the intrinsic ability of ANT to transport adenine nucleotides is unaffected upon Dox treatment, its transport capacity is enhanced in the presence of assembled and functional RSCs.

DISCUSSION
==========

The possibility of ANTs interacting with heterologous protein complexes is not a new proposition. ANTs have been described to complex with ATP synthasomes, consisting of the ATP synthase, the phosphate carrier, and ANT1 ([@B40]; [@B9]). Others have provided evidence in support of ANT's cooperation with creatine kinase to form microcompartments for phosphocreatine exchange ([@B17]). However, the existence of these interactions and whether all ANT isoforms partake in the same types of associations were far from resolved until our analyses. By demonstrating that human ANT1 and ANT2 interact with other MCF members, including additional ANT isoforms, and multiple subunits of complexes I--IV, as well as with the ATP synthasome, our results significantly bridge this knowledge gap. The architecture of RSCs in mammals and yeast is notably different, in that the latter lacks complex I. In spite of this, mammalian ANT1 and ANT2 copurified many mitochondrial- and nuclear-encoded complex I subunits ([Figure 3, B, C, and E](#F3){ref-type="fig"}, Supplemental Figure S1, A and B, and Supplemental Tables S1 and S3). These results strongly suggest that ANT's interaction with RSCs and/or individual respiratory complexes is of such functional significance that the association was maintained even after the loss of complex I, as is the case in yeast, or alternatively regained during the evolution of higher eukaryotes. Given the sheer abundance of ANTs in mitochondria, it is tempting to speculate that there exist multiple ANT-containing mitochondrial complexes that may or may not form in a dynamic manner ([@B21]), be regulated by metabolic states, and perhaps provide a local source of ADP/ATP exchange capable of driving important metabolic processes, including, for instance, biogenesis of mitochondrial proteins and OXPHOS.

To determine the functional benefits of ANT's evolutionarily convergent association with RSCs, we ablated the major adenine translocase isoform expressed in 293 cells, ANT2. Of interest, the decrease in ANT-specific transport in the *ant2*^TALEN^ cells is less than expected based on the levels of ANT2 relative to the other isoforms. Further, the *ant2*^TALEN^ cells were more sensitive to ANT inhibitors, indicating that with respect to OXPHOS, ANT1 and/or ANT3 may be minor in abundance but are not functionally insignificant. These combined results strongly suggest that ANT isoforms differ in their inherent transport properties, which affect their ability to support OXPHOS. Differences in the transport properties of ANT isoforms have been reported ([@B13]) but inconsistently ([@B29]); a limitation with these studies is that they were performed in yeast reconstituted either with wt ANT isoforms that were poorly expressed ([@B13]) or chimeric molecules that contained the N-terminus of the major yeast ANT isoform ([@B29]). Thus our results provide compelling evidence that different human ANT isoforms have distinct transport activities as endogenously expressed in a mammalian model.

Because ANTs are essential in supplying ADP to the ATP synthase, we were surprised and initially disappointed that elimination of ANT2 resulted in only a modest bioenergetics phenotype. Whereas uncoupler-stimulated maximal oxygen consumption rate was significantly decreased in *ant2*^TALEN^ cells compared with wt, the basal oxygen consumption rate, ATP production, and spare capacity were unchanged, suggesting that under normal conditions, 293 cells respire just fine without ANT2. The significant drop in proton leak in *ant2*^TALEN^ cells is consistent with reports implicating ANTs in basal proton leak ([@B5]) and inducible proton leak ([@B68]). Recently ANT2 and ANT1 were included in a set of mitochondrial carriers that could participate in *N*-acyl amino acid--associated uncoupled respiration ([@B49]). In yeast that lack cardiolipin, CATR inhibits proton leak that occurs across the mitochondrial inner membrane, implicating Aac2p in this process ([@B3]). In 293 cells, the elimination of ANT-derived ADP/ATP transport using BKA reduces proton leak by only 60%; the remaining ∼40% can be attributed to ANT-independent futile proton cycling ([Figure 6C](#F6){ref-type="fig"}), like that mediated by uncoupler proteins ([@B5]).

The functionality of ANT's interaction with respiratory components was also reciprocally tested by measuring ANT transport when the expression of mtDNA-encoded respiratory subunits was reversibly inhibited with Dox. When mtDNA translation is inhibited by Dox treatment, the intrinsic activity of the translocases was unchanged. In contrast, under energized conditions, ADP/ATP exchange was decreased. It is likely that lack of respiratory complexes results in a weaker proton gradient that is energetically unfavorable for electrogenic ADP/ATP exchange. Whether the association of ANTs with RSCs contributes directly to the activity of ANTs, whose transport is stimulated by a robust membrane potential ([@B44]), is an intriguing possibility that we are actively investigating.

There are numerous ramifications of the surprisingly mild OXPHOS phenotype of our *ant2*^TALEN^ cells. First, it implies that ANTs are present in huge excess over what is actually needed to support OXPHOS, at least in 293 cells. This simple fact raises the possibility that ANTs participate in non--OXPHOS-related processes that may or may not be isoform specific. Second, although accounting for \>90% of total ANT levels, ANT2 is responsible for only ∼50% of ANT-specific transport in 293 cells. Thus, as already discussed, ANT1 and/or ANT3 would appear to have very different transport activities than ANT2. Third, an intriguing potential explanation for the apparent huge excess in available ANT is that a sizeable fraction is maintained in an inactive state, perhaps due to a specific posttranslational modification. There is precedent for this. Human ANTs are phosphorylated at various sites ([@B22]; [@B7]; [@B80]). For example, in ANT1, two of the three highly conserved tyrosine residues (Y190, Y194) modeled to guide ADP from the intermembrane space into the cavity of the translocator are phosphorylated; expressing ANT1 with phospho-null mutations in these residues in a yeast model resulted in defective OXPHOS and ATP transport ([@B22]). Fourth, it raises the possibility that other ATP-transporting solute carriers are an important source of ATP flux in 293 cells. Potential candidates include calcium-binding mitochondrial carriers (SLC25A12 and 13), which are present in the 293 proteome (unpublished data). Indeed, Sal1p, a calcium-dependent ATP-Mg/Pi carrier in yeast, has been shown to compensate for adenine nucleotide transport in the absence of Aac2p ([@B45]). Three isoforms of the ATP-Mg/Pi carrier exist in humans and thus could provide an additional means of regulating the adenine nucleotide pools in and out of the mitochondrial matrix ([@B23]). Undoubtedly, understanding the role and relative contribution of the four ANT isoforms in maintaining energy homeostasis, in isolation and in tandem, will be important in unraveling the basis for the phenotypic mosaicism in ANT1-associated diseases ([@B34]; [@B61]; [@B19]).

Outside of their assumed, crucial role in OXPHOS, very little is known about the biological functions of the different ANT isoforms. ANT isoforms are categorized by their tissue-specific transcriptional expression; however, in fact, multiple ANT isoforms are often coexpressed, albeit at different levels. Whether the reported pattern of mRNA tissue expression is reflected at the protein level has not been systematically documented due to the absence of quality isoform-specific antibodies. Ablation of *ANT2* in numerous models has led to varying phenotypes without causing a complete loss of respiratory function ([@B27]; [@B42]; [@B46]; [@B10]; [@B65]; [@B26]; [@B41]); however, compensation or redundancy in transport function by other isoforms was not rigorously investigated. Our *ant2*^TALEN^ cells grew in galactose, did not require uridine and/or pyruvate supplementation, and retained measurable mitochondrial OXPHOS function. Thus, even though ANT3 and ANT1 are expressed at very low levels relative to ANT2 ([Figure 4, A, C, E, and F](#F4){ref-type="fig"}), they are sufficiently active to support fairly robust OXPHOS. Perhaps the presence of other isoforms, such as the ubiquitous ANT3, may supply a baseline level of functionality that is by and large sufficient for most ATP-dependent processes upon loss of the main isoform, as in the case of our *ant2*^TALEN^ system. In fact, it is well documented that deletion of certain ANT isoforms, even in clinically relevant cells and/or tissues ([@B27]; [@B20]; [@B76]), has disparate but nonlethal outcomes.

ANT1 has been overexpressed in myotubes ([@B35]), rat cardiomyocytes ([@B39]), and mouse muscles ([@B24]), and ANT2 in a hepatic cell line ([@B36]). It is important to consider that the overexpressed isoform is already present in huge excess relative to the other ANTs in these models. Transient overexpression of ANT1 or ANT3, but not ANT2 and ANT4, has been described to induce apoptosis in cultured cells ([@B4]; [@B77], [@B78]). In contrast, we generated multiple stable cell lines that overexpress ANT1, ANT2, or ANT3 in either the wt or *ant2*^TALEN^ background. We speculate that the different results induced upon ANT overexpression reflect the mode of transfection, for example, transient versus stable.

Overexpression of ANTs in *ant2*^TALEN^ can increase both OCR and adenine nucleotide exchange, consistent with what was observed in other cell models ([@B36]). The degree by which each ANT augmented OXPHOS did not strictly correlate with either its abundance or enhanced transport activity. For example, although ANT2 and ANT3 were similarly overexpressed, ANT3 allowed more ANT-specific transport, whereas ANT2 provided significantly increased basal and maximal respiration. Whether these observations reflect intrinsic differences between these isoforms, which are 91% identical, is unclear. Of interest, the reintroduced ANT2, which was derived from HeLa cells, contains a naturally occurring polymorphism that encodes arginine at position 111 instead of leucine ([@B18]). Occurring in the general population with a 24% frequency, a prior study concluded that Leu-111 allele was functionally silent; for example, it worked as well as the Arg-111 version of ANT2 ([@B18]). In contrast, our results provide evidence that with respect to their ability to support OXPHOS, the Arg-111 ANT2 variant is better than the Leu-111 version. Although a direct comparison of these alleles is needed to substantiate this conclusion, it is notable that every other ANT isoform contains arginine instead of leucine at this position.

Solute carriers (SLCs), which encompass all mitochondrial carriers including ANTs and a whole slew of other facilitative transporters and secondary active transporters, play a significant role in controlling and maintaining physiological functions such as nutrient and vitamin uptake, ion exchange, cofactor transport, and waste disposal, among others. Of note, SLCs exhibit robust coexpression and clustering patterns across tissue types that are suggestive of high interdependence between the carriers to maintain the integrative metabolic networks necessary for homeostasis ([@B8]). The fact that ANT1 and ANT2 copurified with numerous mitochondrial carriers, such as the phosphate carrier (SLC25A3), numerous Ca^2+^-dependent carriers (aspartate/glutamate SLC25A13; Mg-ADP/Mg-ATP SLC25A24; Mg-ATP/Pi SLC25A25), the tricarboxylate carrier (SLC25A1), and the carnitine/acylcarnitine carrier SLC25A20, among others (Supplemental Tables S2 and S3), points not only to coopted protein expression but also interactions and likely function. Thus it is plausible that the dysregulation of ANT expression and transport in various cell and animal models or in patients disrupt not only energetic flux between mitochondria and the cytosol due to engagement of ANTs with RSCs but also influence the activities of other SLCs, thereby altering the global metabolic landscape. Systematic dissection of SLC localization, expression, function, and interactomes, as we have done for human ANTs in 293 cells, will be critical for understanding how SLCs work in concert to enable, regulate, and compartmentalize the multitude of fundamental biological processes that are separated by membranes.

MATERIALS AND METHODS
=====================

Molecular biology
-----------------

Human ANT1 and ANT2 were amplified by PCR using cDNA from HeLa cells and subcloned first into pBSK (Stratagene) and then into pcDNA5/FRT (Invitrogen). Tagged-ANT1 and ANT2 amplicons were generated via primer extension containing an N-terminal CNAP tag (amino acid sequence Met-[DYKDDDDK]{.ul}-GGAGG-**EDQVDPRLIDGK**; FLAG epitope tag underlined and Protein C tag in bold) using untagged ANT plasmids as template and then subcloned into pcDNA5/FRT. Human ANT3 was first amplified by PCR using genomic DNA from yeast expressing yNhANT3 ([@B29]) and then replacing the first 10 amino acids with the correct human ANT3 N-terminal nucleotides by PCR, followed by subcloning into pcDNA5/FRT. The fidelity of every construct was verified by DNA sequencing. TALEN binding pairs were designed to recognize sequences in *ANT2* (*SLC25A5*) exon 1 that are separated by 16 nucleotides and encompass the start site (Life Technologies). The two constructs, which are fused to the truncated Fok1 nuclease, were subcloned into pcDNA3.1 and pEF6/V5-HisA (Life Technologies), generating pcDNA3ANT2-R and pEF6AANT2-L, respectively.

Cell culture
------------

HEK293 Flp-In cells (wt; Invitrogen) were grown in DMEM containing 10% fetal bovine serum (Life Technologies), 2 mM [l]{.smallcaps}-glutamine (Life Technologies), and 100 μg/ml Zeocin (Invitrogen) at 37°C and 5% CO~2~. To establish an *ant2*-null cell model, wt cells grown in medium lacking antibiotic but supplemented with 50 μg/ml uridine were transfected with a 1:1 ratio of pCDNA3ANT2-R and pEF6AANT2-L using FuGENE 6 (Promega) and selected with 0.5 mg/ml G418 and 5 μg/ml blasticidinS (Cellgro) for 1 wk, and single colonies were isolated by ring cloning. Individual clones were maintained in the same medium as used for the parental 293 Flp-In cells, and the inclusion of uridine was found to not be essential. Whole-cell extracts derived from candidate clones were harvested and analyzed by SDS--PAGE and immunoblot. Stable wt or *ant2*^TALEN^ rescue cell lines overexpressing ANTs were generated by cotransfecting wt or *ant2*^TALEN^ clone 1 cell lines with pOG44 (expressing the Flp-recombinase) and the relevant pcDNA5/FRT plasmid (vector, ANT1, ANT2, CNAP-tagged ANT1/ANT2, or ANT3) at a ratio of 9:1 using FuGENE 6. Transfected cells were selected using 200 μg/ml hygromycin B (Invitrogen), and individual clones were recovered by ring cloning, expanded, and screened by immunoblot. An equal number of four to six clones per construct per *ant2*^TALEN^ host were combined to establish a pooled clonal population that was used in all subsequent analyses. Mycoplasma contamination was routinely monitored and not detected.

To inhibit mitochondrial DNA translation, 293 Flp-In cells were allowed to expand to confluency in the presence of 15 μg/ml Dox (MP Biomedicals) for 7 d. Mitochondria were isolated from cells at the end of the Dox treatment or at 3 and 20 d after chasing the cells with fresh medium without Dox.

Purification of recombinant human ANT1
--------------------------------------

The entire open reading frame of human *ANT1* was cloned into the pET28a vector (Novagen) downstream of the hexahistidine tag and induced at 37°C for 4 h with 0.5 mM isopropyl-β-[d]{.smallcaps}-thiogalactoside in C41 (DE3) *Escherichia coli*. The cells were pelleted at 3030 × *g* and washed once with 0.9% (wt/vol) NaCl. To extract proteins, the pellet was resuspended with 40 ml of extraction buffer (50 mM NaH~2~PO~4~, pH 8.0, 300 mM NaCl, 10 mM imidazole) with 1 mg/ml lysozyme, incubated with rocking for 30 min at 4°C, and then passed through an Avestin Homogenizer four times at 40 psi. The lysate was centrifuged at 10,000 × *g* at 4°C for 20 min to remove lipids and debris and enrich inclusion bodies. Inclusion bodies were solubilized with inclusion body solubilization buffer (0.1 mM EDTA, 10 mM dithiothreitol \[DTT\], 10 mM Tris-Cl, pH7.4, 0.05% \[wt/vol\] PEG 3350) with 1.67% (wt/vol) Sarkosyl by vigorous vortexing and clarified by centrifugation at 12,000 × *g* for 10 min at 4°C. To precipitate proteins from the supernatant (containing solubilized inclusion bodies), (NH~4~)~2~SO~4~ was added to a final concentration 20% (wt/vol) and the solution allowed to rotate at room temperature for 1 h. After centrifugation at 10,000 × *g* for 10 min, the pellet was resuspended in 2 ml of inclusion body solubilization buffer with 0.5% (wt/vol) Sarkosyl. Before affinity purification of hANT1 using 1.5 ml of packed Ni^2+^--nitriloacetic acid resin (Qiagen), the resuspension was further diluted to 10 ml with extraction buffer such that the remaining Sarkosyl was present at 0.1% (wt/vol). After binding of proteins to resin, the column was washed once with wash buffer (50 mM NaH~2~PO~4~, pH 8.0, 300 mM NaCl, 20 mM imidazole, 10% \[vol/vol\] glycerol, 0.1% \[wt/vol\] Sarkosyl), followed by a high-salt wash (50 mM NaH~2~PO~4~, pH 7.0, 600 mM NaCl, 20 mM imidazole, 10% \[vol/vol\] glycerol, 0.1% \[wt/vol\] Sarkosyl) before elution of bound hANT1 with elution buffer (50 mM NaH~2~PO~4~, pH 8.0, 300 mM NaCl, 250 mM imidazole, 10% \[vol/vol\] glycerol, 0.1% \[wt/vol\] Sarkosyl).

Antibodies
----------

The ANT1 mAb (GenScript) and rAb (Pacific Immunology) were generated using recombinant human ANT1 as antigen. Antibodies were against the following proteins: GRP75 (75-127; Antibodies Inc.); β-actin (A5441; Sigma-Aldrich); TOM20 (sc-11415; Santa Cruz Biotechnology); TIM23 (611332; BD); NDUFB6 (ab110244), UQCRFS1 (ab14746), UQCRC2 (ab14745), COX1 (ab14705), and COX4 (ab16056; Abcam); SDHA (4592000; Invitrogen); and COX2 (A6404; Thermo Fisher). ATP5B was a kind gift from Peter Pedersen (Johns Hopkins School of Medicine), and the ANT2/3 ([@B62]) antibody was raised against the yeast ADP/ATP carrier, Aac2p, but conveniently cross-reacts with human and murine ANT2 and ANT3. Goat anti-rabbit or mouse secondary antibodies conjugated to horseradish peroxidase were also used (31460 and 62-6520; Pierce).

Two-dimensional BN SDS--PAGE
----------------------------

Mitochondria were solubilized for 30 min on ice in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)--KOH, 10% (vol/vol) glycerol, 50 mM NaCl, 1 mM EDTA, and 2.5 mM MgCl~2~, pH 7.4, supplemented with 1% (wt/vol) digitonin (293 mitochondria in [Figure 2A](#F2){ref-type="fig"} and mouse tissue mitochondria in [Figure 2, B and C](#F2){ref-type="fig"}) or 1.25% (wt/vol) digitonin (293 mitochondria in [Figure 2, B and C](#F2){ref-type="fig"}; Biosynth International) and protease inhibitors. Extracts were clarified by centrifugation for 30 min at 21,000 × *g* at 4°C and analyzed by 2D BN/SDS--PAGE exactly as described ([@B11]).

Epitope mapping
---------------

A peptide scan consisting of 15-mer peptides with an 11--amino acid overlap between adjacent peptides that spans the entire 298--amino acid human ANT1 protein was generated by JPT Peptide Technologies. The membrane was hydrated with methanol before immunoblotting, and the epitopes recognized by both the hANT1 mAb and rabbit antisera were determined by densitometry analysis of the immunoreactive PepSpots.

Immunoblotting
--------------

SDS--PAGE and immunoblotting were performed as previously described ([@B50]). Images were captured with a Fluorchem Q (Cell Biosciences) quantitative digital imaging system and quantitation performed using the indicated software. Images were processed in Adobe Photoshop, with only linear adjustments in contrast and brightness, and assembled in Adobe Illustrator.

SILAC
-----

Isotopic ^13^C~6~-lysine-HCl (0.8 mM) and ^13^C~6~-arginine-HCl (0.4 mM; Cambridge Isotopes) or unlabeled lysine (0.8 mM) and arginine (0.4 mM) were exogenously added to DMEM formulated without lysine, arginine, and sodium pyruvate (Invitrogen). CNAP-tagged ANTs were cultured in "heavy," labeled medium, and untagged ANTs were correspondingly cultured in "light," unlabeled medium for several passages to ensure isotopic lysine and arginine incorporation. Two days before mitochondrial isolation ([@B50]), cells were switched to medium lacking glucose but containing 10 mM galactose along with the appropriate amino acid supplementation. Note that in the experiment in which CNAP-ANT1 was compared with CNAP-ANT2 ([Figure 3E](#F3){ref-type="fig"}), the latter was grown in heavy medium. Equivalent amounts of freshly prepared mitochondrial extracts (∼10 mg) isolated from cells grown in heavy or light medium were solubilized with lysis buffer containing 1.25% (wt/vol) digitonin (20 mM HEPES-KOH, pH 7.4, 100 mM NaCl, 20 mM imidazole, 1 mM CaCl~2~, and 10% \[vol/vol\] glycerol spiked with protease inhibitors), and clarified supernatants were diluted to 10 ml with protease inhibitor--spiked equilibration buffer (20 mM HEPES-KOH, pH 7.4, 100 mM NaCl, 1 mM CaCl~2~), loaded onto columns containing 1 ml of packed anti--Protein C (Roche) affinity resin, and rotated overnight at 4°C. The flowthrough was collected for analysis, and the bound material was washed twice with 10 bed volumes (10 ml) of ice-cold equilibration buffer with 0.1% (wt/vol) digitonin. To elute bound material, the resin was incubated with 1 ml of warmed EDTA elution buffer (20 mM HEPES-KOH, pH 7.4, 100 mM NaCl, 5 mM EDTA, 0.1% \[wt/vol\] digitonin) and allowed to rotate for 30 min at room temperature. After three additional elutions, the eluates (4 ml/each) from both the light and heavy mitochondrial IPs were mixed and concentrated using an Amicon Ultra-4 10,000 MWCO filter device (Millipore) and trichloroacetic acid (TCA) precipitated (20% \[vol/vol\] TCA with 0.07% \[wt/vol\] deoxycholate) for 1 h on ice. TCA pellets were then resuspended in a 1:1 mix of 2× reducing sample buffer and 0.1 M NaOH, boiled for 5 min, and resolved by 8--16% SDS--PAGE. In the case of two consecutive nondenaturing IPs (high stringency), bound material on anti--Protein C resin was incubated with 10 ml of warmed EDTA elution buffer for 30 min at room temperature and the eluate allowed to drain directly into a separate column containing 0.5 ml of packed anti-FLAG (GenScript) affinity resin. After the addition of protease inhibitors, the FLAG IP was allowed to proceed for 1 h at 4°C with rotation. The flowthrough was collected for analysis, and the resin was washed as described with anti--Protein C resin, except that the bound material was eluted thrice with 0.5 ml of FLAG elution buffer (100 µg/ml FLAG peptide, 0.1% \[wt/vol\] digitonin) and then again with two bed volumes of the FLAG elution buffer with rotation for 30 min at room temperature. Equal volumes of the eluate from the light and heavy immunoprecipitates were mixed and concentrated as described.

In-gel trypsin digestion and C~18~ desalting
--------------------------------------------

Silver staining was carried out to visualize eluted proteins in the gel. Briefly, the gel was sensitized with 0.02% (wt/vol) sodium thiosulfate for 2 min, incubated in 0.1% (wt/vol) silver nitrate at 4°C for 40 min, developed in 0.04% (vol/vol) formaldehyde/Formalin and 2% (wt/vol) sodium carbonate, and finally quenched in 1% (vol/vol) acetic acid. The stained gel was divided into 11--18 fractions, depending on silver staining banding patterns. The subsequent destaining was carried out in 15 mM potassium ferricyanide and 50 mM sodium thiosulfate and then conditioned in 40 mM ammonium bicarbonate. For reduction, divided gel cubes were incubated in 5 mM DTT at 60°C for 20 min, followed by alkylation using 20 mM iodoacetamide at room temperature in the dark for 10 min. Gel cubes were dehydrated in 100% acetonitrile at room temperature for 10 min, cooled on ice for 10 min, and rehydrated in 0.001% trypsin on ice for 1 h and 37°C for 16 h. To extract tryptic peptides, gel cubes were incubated in 3% (vol/vol) acetonitrile, 0.1% (wt/vol) trifluoroacetic acid at room temperature for 10 min twice, 50% (vol/vol) acetonitrile, 0.1% (wt/vol) trifluoroacetic acid at room temperature for 10 min, and 100% acetonitrile at room temperature for 10 min. Extracted peptides underwent C~18~ stage tip desalting, and were vacuum dried and then analyzed in LC-MS/MS.

LC-MS/MS analysis
-----------------

Purified peptides from gel digests were analyzed on an Orbitrap-Elite mass spectrometer interfaced with Easy nanoLC II liquid chromatography system. The peptides were loaded on a desalting column packed in-house (2 cm, 5-µm particle size, and 200-Å pore size; Magic C~18~ material; Michrom Biosciences) at a flow rate of 5 µl/min and resolved on an analytical column packed in-house (25 cm, 3-µm particle size, and 200-Å pore size; Magic C~18~ material) at a flow rate on 300 nl/min. The eluted peptides were ionized by applying 2.1-kV voltage using a Flexion source operated at 200°C. The duration of LC gradient was 45 min, and the total run time to acquire the data was 60 min. The full MS scans were acquired at 120,000 resolution at 400 *m*/*z* and measured using an Orbitrap mass analyzer. The MS/MS spectra were acquired at 30,000 resolution at 400 *m*/*z* and measured using an Orbitrap mass analyzer. The top 10 peptide precursors were selected in a data-dependent manner and subjected to 32% normalized higher-energy collisional dissociation. The AGC targets were 1 × 10^6^ and 5 × 10^4^ and maximum ion filling times were 120 and 300 ms for MS and MS/MS, respectively. Polysilaxolane ion *m*/*z* 445.1200024 was used for internal calibration.

Mass spectrometry data analysis
-------------------------------

The raw data corresponding to each SILAC experiment were searched together using MaxQuant (version 1.5.3.8) and deposited into the PRIDE database through ProteomeXchange (accession number 1-20160616-130067). The raw data were processed and searched against the Human Refseq 73 protein database by including known contaminants using the built-in Andromeda search engine of MaxQuant. The following search parameters were used for the database searches. Strict trypsin specificity to K or R of C-terminal of a peptide by allowing two missed cleavages. The minimum peptide length was set as seven amino acids. Carbamidomethylation of cysteine (57.021464 Da) was set as fixed modification. Oxidation of methionine (42.010565 Da) and protein N-terminal acetylation (15.994915 Da) were selected as variable modifications. Quantification of SILAC pairs was performed by enabling multiplicity of 2, and to ensure reliable quantification, the ratio count was set as a minimum of 2. For the absolute quantification purpose, the iBAQ option was enabled. Peptide precursor mass tolerance was set as 20 ppm for first-pass search and 4.5 ppm for main search. Fragment mass tolerance was set as 20 ppm. The Andromeda search algorithm uses a target-decoy approach for the identification of peptides and proteins, and identifications were filtered by applying 1% false discovery rate. The protein-group output files from MaxQuant are given in Supplemental Table S3.

Preparation of mitochondria
---------------------------

Cells were seeded onto four or more 150 mm × 25 mm tissue-culture dishes and allowed to expand to confluency. Two days before mitochondrial isolation, the cells were switched from dextrose- to galactose-based medium (DMEM without glucose, Life Technologies; supplemented with 10 mM galactose, Sigma-Aldrich). Mitochondria were isolated as described in [@B50]) and, if not used immediately, aliquoted, snap frozen with liquid N~2~, and stored at −80°C for downstream analyses.

Relative abundance of ANT isoforms by proteomics
------------------------------------------------

Three independent 293 Flp-In mitochondrial preparations were used. Proteins were reduced by adding 10 mM DTT, incubated at 56°C for 20 min, alkylated with 20 mM iodoacetamide, and incubated in the dark at room temperature for 30 min, followed by acetone precipitation. Proteins were resolubilized in 6 M urea buffer (6 M urea, 50 mM triethylammonium bicarbonate) and processed for trypsin digestion. Trypsin was added at 1:50 enzyme-to-substrate ratio and incubated at 37°C for 16 h. The tryptic peptides were cleaned using Sep-Pak cartridges, and the eluted peptides were vacuum dried and stored at −80°C until the LC-MS/MS analysis. A 1-μg amount from each of the replicates was injected twice on an Orbitrap Fusion Lumos tribrid mass spectrometer coupled to Easy nanoLC II Liquid Chromatography System 1200. A linear gradient of 5--30% acetonitrile in 0.1% (vol/vol) formic acid was used for 85 min and total run time of 120 min. Both MS and MS/MS were measured using an Orbitrap mass analyzer in top speed mode. The raw data were analyzed using the MaxQuant software suite as described. The LFQ and iBAQ algorithms were enabled for precursor ion quantification. Perseus was used for determining the relative abundance of ANTs in 293 cells.

mRNA
----

Total RNA was isolated from wt and *ant2*^TALEN^- and *ant2*^TALEN^-overexpressing *ANT* alleles using the PureLink RNA Mini Kit with DNase treatment (Invitrogen). A 25-ng amount of RNA was analyzed in 20-μl reactions using the EXPRESS One-Step SYBR GreenER quantitative real-time PCR (qRT-PCR) Kit (Life Technologies) with QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher) according to the manufacturer's instructions. Each reaction, including nontemplate controls, was performed at least in duplicate with two different biological replicates and contained 50 nM ROX and 200 nM each of forward and reverse gene-specific primers designed with Primer3 ([@B74]). The reaction conditions were as follows: 5 min at 50°C and 2 min at 95°C, followed by 40 two-temperature cycles (15 s at 95°C and 1 min at 60°C) and melt curve profiling. Expression of the *ANT* isoforms was analyzed by the comparative *C~T~* (ΔΔ*C~T~*) method (*X*~Test~/*X*~GAPDH~ = 2^-ΔΔ^*^CT^*, where GAPDH signifies glyceraldehyde 3-phosphate dehydrogenase) with *GAPDH* as an endogenous reference gene. Values were represented as fold change (2^ΔΔC^*^T^*) ± SEM relative to *ANT2* in wt cells ([Figure 4, A and F](#F4){ref-type="fig"}) or fold change (2^ΔΔC^*^T^*) ± SEM relative to *ANT* expression in the appropriate wt setting for [Figures 4G](#F4){ref-type="fig"} and [7A](#F7){ref-type="fig"} (Prism 6; GraphPad).

Genotyping *ant2*^TALEN^ cells
------------------------------

Genomic DNA was extracted using the Gentra Puregene Cell Kit (Qiagen), and the genomic region surrounding the target site (exon1 encompassing the ATG) was PCR amplified, digested with *Xba*I/*Hin*dIII (NEB), and ligated into pBSK(--). Transformants were analyzed by Sanger sequencing. Because 293 cells are hypotriploid, sequences of at least 10 individual clones for each of the four *ant2*^TALEN^ cell lines were obtained, revealing disruptions in and around *ANT2*'s start site.

Whole-cell extraction
---------------------

Proteins were extracted from confluent six-well tissue culture dishes using RIPA lysis buffer (1% \[vol/vol\] Triton X-100, 20 mM HEPES-KOH, pH 7.4, 50 mM NaCl, 1 mM EDTA, 2.5 mM MgCl~2~, 0.1% \[wt/vol\] SDS) spiked with 1 mM phenylmethylsulfonyl fluoride and quantified using the bicinchoninic acid assay (Pierce) as described in [@B50]).

Endogenous IP
-------------

To coimmunoprecipitate endogenous ANT2, 5 µl of normal rabbit serum (NRS) or 8 µl of antiserum against COX4 (ab16056; Abcam) was bound to 20 µl of Protein A--conjugated magnetic beads (Bio-Rad) by incubating the sera and magnetic beads at room temperature for 1 h with rotation in a final volume of 300 µl of IP buffer (20 mM HEPES-KOH, pH 7.4, 100 mM NaCl, 1 mM EDTA, 2.5 mM CaCl~2~). We solubilized 150 µg of mitochondrial extracts with 1.25% (wt/vol) digitonin in the IP buffer base spiked with protease inhibitors and precleared the clarified supernatants (diluted to 500 µl with 0.01% \[wt/vol\] digitonin in IP buffer) with NRS-bound magnetic beads for 1 h with rotation at 4°C. After preclear, the supernatant was transferred into tubes containing COX4-bound magnetic beads. The volume was again adjusted to 500 µl with 0.01% (wt/vol) digitonin in IP buffer and spiked with protease inhibitors, and the IP was allowed to proceed for 4 h with rotation at 4°C. The beads were washed thrice with 500 µl of 0.01% (wt/vol) digitonin in IP buffer, and bound material was eluted by the addition of 40 µl of a 1:1 mix of 2× reducing sample buffer and 0.1 M NaOH, boiled for 5 min, and resolved by 12% SDS--PAGE.

ADP/ATP transport
-----------------

Adenine nucleotide influx was monitored at 20°C as described previously ([@B67]), with slight modifications. Briefly, mitochondrial matrix was uniformly labeled with adenine nucleotides by fusion with 5 mM cold ADP-loaded liposomes. Liposome-fused mitochondria were extruded seven times through a 1-µm membrane filter (Avanti), centrifuged at 100,000 × *g* for 30 min at 4°C, and resuspended in 50 mM KP~i~ buffer, pH 8.0. To measure the \[^14^C\]ADP uptake, 100 µl of fused membranes (0.1 mg of proteins) was added to 300 µl of KP~i~ buffer containing 1.34 µM \[^14^C\]ADP (0.02 µCi/µl; PerkinElmer) at 20°C. The reaction was stopped after 20 min by the addition of 2 ml of cold KP~i~ buffer, and the entire reaction volume was applied onto a 0.2-µm cellulose nitrate filter under vacuum. Filtered membranes were washed with 4 ml of KP~i~ buffer, and the radioactivity retained on the membrane filters was quantified using a liquid scintillation counter. OXPHOS-coupled ADP uptake was performed as previously described ([@B2]). Briefly, 0.5 mg of isolated mitochondria resuspended in assay buffer (0.6 M mannitol, 5 mM malate, 5 mM glutamate, 5 mM MgCl~2~, 2 mM KP~i~, 10 mM KCl) was mixed with \[^14^C\]ADP (1.34 µM in 300 µl of assay buffer), and the uptake was measured as described.

Oxygen consumption measurements
-------------------------------

The OCR was measured on adherent cells using a Seahorse XF96e analyzer and the Seahorse XF Cell Mito Stress Kit (Seahorse Bioscience, North Billerica, MA). Forty-eight hours before assays, 293 Flp-In cells were seeded at 24,000 cells/well in XF96 V3 PS cell culture microplates coated with 0.001% (wt/vol) poly-[d]{.smallcaps}-lysine (Sigma) to improve cell adherence. Twenty-four hours before assays, cells were treated overnight with 0, 1, or 5 µM BKA. Before XF measurements, cells were washed twice using the XF base medium supplemented with glucose, sodium pyruvate, and [l]{.smallcaps}-glutamine and preincubated with the appropriate BKA concentration for 1 h in a 37°C, humidified, CO~2~-free incubator.

The Mito Stress Test was performed in accordance with the manufacturer's instructions. Briefly, OCR measurements were made approximately every 9 min under basal conditions, after the addition of oligomycin (2 µM), after the addition of FCCP (250 nM), and after the addition of rotenone and antimycin A (1 mM). OCR values were collapsed from at least six independent experiments and represent the average measurement of a minimum of 20 (and up to 79) wells for each strain and BKA condition.

Complex activity
----------------

The activity of complex I (NADH dehydrogenase) or complex IV (cytochrome *c* oxidase) was measured by using Abcam's Complex I (ab109721) or Complex IV (ab109909) Human Enzyme Activity Microplate Assay Kit, respectively, according to manufacturer's instructions ([Figures 8, D and F](#F8){ref-type="fig"}, and [9, C and E](#F9){ref-type="fig"}). Briefly, frozen mitochondrial extracts were solubilized using the provided detergent at a final concentration of 5 mg/ml spiked with protease inhibitors. The clarified extracts (50 µg for complex I, 10 µg for complex IV) were added to the supplied buffer and then loaded onto microplate wells precoated with complex I-- or complex IV--specific capture antibody. Complex activity was then monitored by following the oxidation of NADH to NAD^+^ by complex I at 450 nm or the oxidation of cytochrome c by complex IV at 550 nm by the immobilized target.

Isolated complex III activities were measured as previously described ([@B73]; [Figures 8E](#F8){ref-type="fig"} and [9D](#F9){ref-type="fig"}). Briefly, 10--30 µg of mitochondria solubilized in 0.5% (wt/vol) *n*-dodecyl β-[d]{.smallcaps}-maltoside (Anatrace) and spiked with protease inhibitors was added to reaction buffer (50 mM KP~i~, 2 mM EDTA, pH 7.4) with 0.008% (wt/vol) equine heart cytochrome c (Sigma-Aldrich) and 1 mM KCN. The reaction was initiated with the addition of 100 µM decylubiquinol, and the reduction of cytochrome c was followed at 550 nm.

Data analysis
-------------

Band densitometry analyses were performed using Image J ([@B70]). All comparisons (ns, *P* \> 0.05; ^\*^*P* ≤ 0.05; \*\**P* ≤ 0.01; \*\*\**P* ≤ 0.001; \*\*\*\**P* ≤ 0.0001) were analyzed by unpaired two-tailed *t* test (or paired for [Figure 4B](#F4){ref-type="fig"}) assuming Gaussian distributions and the same SDs in Prism 6. All graphs report the mean ± SEM.
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BKA
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:   cardiolipin
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:   doxycycline
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:   inner mitochondrial membrane

IP
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